Daily consumption of sodium in most of the western world far exceeds what is necessary. It has been estimated that our current salt consumption is as much as 50 times greater than our evolutionary intake. 1 A positive relationship between sodium intake and blood pressure (BP) has been documented in hypertensive and normotensive individuals. 2, 3 In addition, sodium intake has been suggested to be a risk factor for cardiovascular disease (CVD) 3-8 and all cause mortality, 4 perhaps independently of its effect on BP. 6 However, there remains much debate about the usefulness of a population-wide reduction in salt intake. 7 It appears that subsets of the population, namely African Americans, elderly, obese, and hypertensive individuals, have increased sodium sensitivity. 7 The potential BP-independent increased CVD risk under a high-salt diet may be related to cardiovascular functional and structural changes, through alterations in shear stress and endothelial function. [8] [9] [10] Such alterations can cause vascular hypertrophy and collagen accumulation, 10 which increases carotid intima-media thickness (IMT). Carotid IMT is an accepted subclinical atherosclerotic marker and a strong predictor of future clinical cardiovascular events. 11 A relationship between urinary sodium and IMT would shed light on the structural response of the carotid wall to excess dietary sodium. Because many mechanisms linking sodium to CVD are potentially BP independent, it stands to reason that an association between sodium and carotid IMT may be observed in normotensive individuals. The current study population consists of participants in the Slow Adverse Vascular Effects (SAVE) clinical trial, a trial evaluating the relationships between weight loss, dietary sodium, and vascular health. Because all participants are normotensive, we are able to investigate the association between sodium intake and arterial structure independent of BP or BP treatment.
Daily consumption of sodium in most of the western world far exceeds what is necessary. It has been estimated that our current salt consumption is as much as 50 times greater than our evolutionary intake. 1 A positive relationship between sodium intake and blood pressure (BP) has been documented in hypertensive and normotensive individuals. 2, 3 In addition, sodium intake has been suggested to be a risk factor for cardiovascular disease (CVD) [3] [4] [5] [6] [7] [8] and all cause mortality, 4 perhaps independently of its effect on BP. 6 However, there remains much debate about the usefulness of a population-wide reduction in salt intake. 7 It appears that subsets of the population, namely African Americans, elderly, obese, and hypertensive individuals, have increased sodium sensitivity. 7 The potential BP-independent increased CVD risk under a high-salt diet may be related to cardiovascular functional and structural changes, through alterations in shear stress and endothelial function. [8] [9] [10] Such alterations can cause vascular hypertrophy and collagen accumulation, 10 which increases carotid intima-media thickness (IMT). Carotid IMT is an accepted subclinical atherosclerotic marker and a strong predictor of future clinical cardiovascular events. 11 A relationship between urinary sodium and IMT would shed light on the structural response of the carotid wall to excess dietary sodium. Because many mechanisms linking sodium to CVD are potentially BP independent, it stands to reason that an association between sodium and carotid IMT may be observed in normotensive individuals. The current study population consists of participants in the Slow Adverse Vascular Effects (SAVE) clinical trial, a trial evaluating the relationships between weight loss, dietary sodium, and vascular health. Because all participants are normotensive, we are able to investigate the association between sodium intake and arterial structure independent of BP or BP treatment.
This population also provides a unique opportunity to test the association between sodium intake and IMT in overweight and obese adults, who may be more salt sensitive than lean individuals. 7 The purpose of this analysis was to test the Jennifer N. Njoroge 1 , Samar R. El Khoudary 1 , Linda F. Fried 1,2 , Emma Barinas-Mitchell 1 and Kim Sutton-Tyrrell 1
Background
Increased dietary sodium has been reported to increase cardiovascular disease (CVD) risk, perhaps through blood pressure (BP)-independent vascular remodeling. Carotid intima-media thickness (IMT) is an accepted measure of structural vascular remodeling and a strong predictor of CVD. This study aimed to determine whether urinary sodium is positively associated with carotid IMT in normotensive overweight and obese adults.
Methods
We evaluated baseline data from 258 participants in the Slow adverse Vascular Effects (SaVE) clinical trial. urinary sodium was measured from one 24-h urine collection from each individual. Carotid IMT was measured using high-resolution B-mode ultrasonography. Participants were categorized into quartiles of urinary sodium.
results
There was a significant positive trend with greater IMT associated with increasing urinary sodium quartile in univariate linear regression (P = 0.047). This trend was significant when adjusting for age, sex, race, and systolic BP (SBP) (P = 0.03) as well as in a fully adjusted model (P = 0.04). In pairwise comparisons, the highest urinary sodium quartile had a significantly greater mean IMT (0.62 mm) than the lowest urinary sodium quartile (0.59 mm) after adjustment for age, sex, race, and SBP (P = 0.04). This comparison lost significance after the addition of BMI.
conclusions
In our community-based sample of normotensive overweight and obese adults, we observed a significant positive trend in carotid IMT with increasing quartile of urinary sodium. If the ongoing clinical trial confirms this relationship between sodium and carotid IMT, it wouldoriginal contributions High-Salt Diet and Carotid IMT hypothesis that sodium intake is positively associated with carotid IMT in normotensive overweight and obese adults.
Methods
Study population. This is a cross-sectional analysis of baseline data from participants in the SAVE study (NCT00366990), a randomized-controlled trial assessing the impacts of weight loss, increased physical activity, and reduced sodium intake on vascular health. Moderately overweight or obese (body mass index (BMI) 25-39.9 kg/m 2 ) men and women (n = 349) aged 20-45 years were recruited from Allegheny County, Pennsylvania. Participants were required to be physically inactive, defined as exercising for <8 months during the past 12 months and for <3 h a week on average. Participants were excluded if they (i) had diabetes (fasting glucose ≥126 mg/ dl); (ii) were being treated for hypertension or had an average screening and baseline SBP of ≥140 or diastolic BP (DBP) ≥90 mm Hg; (iii) were on cholesterol lowering, antipsychotic, or vasoactive medications, or using vasoactive devices; (iv) were pregnant or breast feeding.
For the current analysis, only those with valid baseline 24-h urine collections (n = 258) were included. All subjects signed informed consent, and the study design was approved by the institutional review board of the University of Pittsburgh (Pittsburgh, PA).
Design and procedures.
All randomized participants completed screening and baseline visits that included self-reported demographic information, self-and interviewer-administered questionnaires, anthropometric measurements, fasting blood draw, 24-h urine collection, and vascular ultrasound tests.
Carotid ultrasound. Carotid ultrasound measures and readings were performed at the Ultrasound Research Laboratory of the Department of Epidemiology, University of Pittsburgh, by sonographers using an Acuson Sonoline Antares highresolution duplex scanner (Siemens, Malvern, PA). At baseline, digitized images were obtained from eight locations (four locations each from the left and right carotid arteries): the near and far walls of the distal common carotid artery (1 cm proximal to the carotid bulb), the far walls of the carotid bulb (the point in which the near and far walls of the common carotid are no longer parallel, extending to the flow divider), and the internal carotid artery (from the flow divider to 1 cm distal to this point). IMT measures were obtained by electronically tracing the lumen-intima interface and the media-adventitia interface across a 1-cm segment for each of the eight segments; one measurement was generated for each pixel over the area, for a total of ~140 measurements for each segment. The mean of the average readings at all eight locations was used. The reading software used was the AMS system developed by Dr Gustavsson, 12 which has an edge detection algorithm that allowed much of the reading to be done automatically. Reproducibility of IMT was excellent with an intraclass correlation coefficient of ≥0.87 between sonographers and ≥0.92 between readers.
24-h Urine collection (sodium intake).
Valid 24-h urine collections had volume between 900 and 4,000 ml, duration ≥22 and ≤26 h, and total creatinine within the expected range. 13 Until 6 March 2009, analytes were measured using an Ortho Vitros 950. Direct potentiometry was used to measure sodium and colorimetry to assess creatinine levels. Afterward, results were determined using a Beckman Coulter DxC 800 instrument employing an indirect ion selective method for sodium and an alkaline picric kinetic method for creatinine.
Blood assays. All blood assays were performed on fasting blood specimens at the Heinz Laboratory at the University of Pittsburgh's Graduate School of Public Health.
Total cholesterol and high-density lipoprotein-cholesterol were determined using the enzymatic method of Allain et al. 14 High-density lipoprotein-cholesterol was determined after selective precipitation by heparin/manganese chloride and removal by centrifugation of very low-density lipoprotein and low-density lipoprotein-cholesterol (LDL-C). 15 LDL-C was calculated indirectly using the Friedewald equation. Triglycerides were assessed enzymatically using the procedure of Bucolo et al. 16 Serum glucose was determined enzymatically with a procedure similar to that described by Bondar and Mead. 17 Insulin was measured using a radioimmunoassay developed by Linco Research (St Charles, MO). Insulin sensitivity was calculated using the homeostasis model assessment of insulin resistance index (HOMA IR ) derived from fasting insulin and glucose values. 18 HOMA IR (mmol/l × µU/ml) = fasting glucose (mmol/l) × fasting insulin (µU/ml)/22.5.
Leptin, adiponectin, and ghrelin were measured using a radioimmunoassay kit from Linco Research. Total ghrelin was measured as acylated ghrelin is difficult to measure reliably. Aldosterone was measured using an enzyme-linked immunoassay developed by Diagnostic Systems Laboratories (Webster, TX). C-reactive protein was measured using an enzyme-linked immunoassay developed by Alpha Diagnostic International (San Antonio, TX).
Demographic and physical measures. Age, race, and smoking status were self-reported at the screening visit. The intervieweradministered Modifiable Activity Questionnaire (MAQ) assessed average physical activity over the past year, expressed as metabolic equivalent tasks (METs)-h/week. Weight was measured in kilograms using a standard balance scale. Height was measured in centimeters using a calibrated stadiometer. BMI was calculated as weight in kilograms divided by height in meters squared. Waist circumference was measured in centimeters, against the participant's skin at the narrowest part of the torso between the ribs and the iliac crest using a nonstretch tape measure. Two measures were performed, and if the second measurement was within 2 cm of the first, the mean of the two was used. Otherwise a third measurement was taken and the two closest measurements were averaged.
BP was measured after participants sat quietly for 5 min with feet flat on the floor. A standard protocol with a mercury original contributions High-Salt Diet and Carotid IMT sphygmomanometer was used. The average of the last two of three BP measurements taken 30 s apart was used.
Statistical analysis. Descriptive statistics were performed to summarize study variables by urinary sodium quartiles. The statistical differences between urinary sodium quartiles in study variables were assessed using analysis of variance or χ 2 tests as appropriate. Data were presented as median/ interquartile range (IQR) or mean (s.d.) for continuous variables, and frequency and percentages for categorical variables.
Covariates of interest were factors known to be associated with either dietary sodium or carotid IMT. Non-normally distributed variables were modeled as continuous variables with necessary transformations to achieve normality. Univariate linear regression was used to determine associations between covariates of interest and study outcome (IMT). An initial multivariate model included age, sex, race (black, nonblack), and SBP in order to determine the association between sodium and IMT independent of BP and known demographic factors affecting IMT. Aldosterone and any factors associated with IMT and/or urinary sodium quartile at P < 0.20 were then added to the model, and linear trends in mean IMT across quartiles of urinary sodium were examined. Analysis of covariance was used to evaluate mean IMT differences between Q1 and other quartiles after adjustment for covariates. Dunnett's method was used to adjust for multiple pairwise comparisons.
Additional validation analyses were performed. We investigated the association between sodium/creatinine ratio and IMT in the full sample to discern any bias that resulted from excluding participants with invalid urine collections. Sodium/ creatinine ratio was evaluated in sex-specific quartiles because of the known sex differences in creatinine excretion. 19 Next, all regression analyses were repeated with urinary sodium as a continuous variable. Finally, the regression analyses were repeated using sex-specific sodium quartiles.
Interactions between urinary sodium and age, sex, race, SBP, and BMI were evaluated. Values of P < 0.05 were considered 
results
A total of 258 participants had valid urine collections and were eligible for analysis. The demographic and clinical characteristics of these participants are presented in Table 1 . The mean age of the sample was 38.5 (s.d. 5.8) years. A 78.7% of the sample was female (n = 203), and 13.2% was black (n = 34). In total, 89 (34.5%) individuals had metabolic syndrome, as defined by the American Heart Association/National Heart, Lung, and Blood Institute criterion. 20 The group excluded for invalid urine collection (n = 91) had significantly more blacks, fewer smokers, higher fasting glucose, insulin, and HOMA IR . Sodium/creatinine ratio was similar between the two groups (P = 0.13). Univariate analysis revealed significant positive associations between urinary sodium quartile and male sex, BMI, weight, waist circumference, total cholesterol, and LDL-C ( Table 1) . In univariate linear regression, age, sex, weight, BMI, waist circumference, SBP, DBP, glucose, HOMA IR , LDL-C, total cholesterol, triglycerides, and adiponectin were associated with carotid IMT ( Table 2) . We considered three linear regression models: unadjusted, adjusted for age, sex, race, and SBP (model 1), and a fully adjusted model, which added BMI, aldosterone, LDL-C, triglycerides, HOMA IR , C-reactive protein, adiponectin, and smoking (model 2). Weight and waist circumference were not included due to multicollinearity. In each model, the increase in IMT with increasing sodium quartile was largest between Q3 and Q4 (Figure 1) . Though unadjusted IMT did not significantly differ between the urinary sodium quartiles (P = 0.11), a pairwise comparison between Q1 and Q4 was significant due to the increased power of this planned comparison relative to analysis of variance. Pairwise comparisons with adjustment for age, sex, race, and SBP (model 1), revealed that Q4 had a significantly greater IMT than Q1 (P = 0.04). In the fully adjusted model (model 2), this pairwise comparison lost significance. By adding the additional covariates individually to model 1, BMI proved to be the factor that eliminated the significance of the pairwise comparison. However, there was a significant positive linear trend in IMT with increasing urinary sodium quartile, which was preserved in all three models (Figure 1 and Table 3 ).
Because we had accurate urinary sodium data on only 76% of our total baseline sample, we investigated trends in IMT with increasing sodium/creatinine ratio, a measure available for all SAVE participants. Results were similar, with a significant trend in IMT with increasing sodium/creatinine ratio in the fully adjusted model (P = 0.02). In another validation analysis, continuous urinary sodium showed a nonsignificant trend with IMT in the unadjusted model (P = 0.06), model 1 
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High-Salt Diet and Carotid IMT (P = 0.05), and model 2 (P = 0.07). When sex-specific urinary sodium quartiles were evaluated, the linear trend in IMT was nonsignificant in the multivariate models (model 1 P = 0.08; model 2 P = 0.09). Although sex-specific quartiles are necessary for measures of creatinine excretion, we report sex-pooled analyses for urinary sodium because it showed no significant interaction with sex. In addition, no significant interactions were detected between urinary sodium and age, race, BMI, or SBP in any model.
discussion
To our knowledge, this is the first study to show a positive relationship between urinary sodium and carotid IMT in normotensive persons. In our community-based sample of normotensive overweight and obese adults, we observed a significant positive trend in carotid IMT with increasing quartile of urinary sodium. This relationship held after adjustments for age, sex, race, BMI, SBP, serum aldosterone, and other cardiovascular risk factors. After adjustment for age, sex, race, and SBP, those in the highest quartile of urinary sodium had a significantly higher mean IMT than those in the lowest quartile. Adjustment for BMI substantially diminished this contrast. The increasing trends in IMT with urinary sodium were similar in models in which continuous urinary sodium or urinary sodium/creatinine quartile was used. Our finding of a positive association between urinary sodium and carotid IMT in normotensive subjects is consistent with the reported relationships between high sodium intake and measures of cardiovascular remodeling such as pulse wave velocity, 21 left ventricular mass, 22 and flow-mediated dilation. 23 Several hypotheses have been offered to explain the adverse cardiovascular effects of dietary sodium, [24] [25] [26] but the experimental evidence to support these hypotheses remains inadequate. Simon notes two physiologic changes brought about by excessive dietary sodium that may have long-term effects on cardiovascular function and structure. 27 First, an increase in cardiac output and regional blood flow dilates the arteries, 27 and second, an increase in plasma and extracellular sodium concentration increases vascular reactivity and growth. 24, 25, 27 In a study in normotensive rats, inward remodeling of the carotid artery wall compensated for the loss of distensibility induced by dilatation during high sodium intake. 28 Studies in hypertensive humans have shown that arterial remodeling with or without wall thickening may compensate for hypertension-induced reduction in distensibility. 29, 30 In our study, carotid intima-media thickening in individuals with higher sodium consumption could be a result of such compensatory remodeling. Our study consisted of participants with normal BP, but a high-salt diet could be sufficient to produce a flowrelated increase in shear stress and induce compensatory arterial wall thickening without increasing BP. The small difference in SBP between the highest and lowest urinary sodium quartiles may be explained by the exclusion of individuals with an average BP >140/90 as well as the fact that a single urine collection is an imperfect measure of habitual dietary sodium consumption.
In addition to flow-related remodeling, the small increase in plasma sodium that occurs during high salt intake can stimulate arterial remodeling. 27 A 2-5 mmol/l increase in fasting plasma sodium concentration has been observed in humans when sodium intake is increased from 20 mmol/day to 220-250 mmol/day for 7 days. 31, 32 High plasma sodium can stimulate vascular growth by enhancing trophic responses to angiotensin II, vasopressin, and various growth factors, whose actions involve sodium influx. 25 Thus, carotid intima-media thickening in the presence of a high sodium diet may occur as a combination of a compensatory response to increased shear stress and a hypertrophic response of vascular smooth muscle cells to their high sodium environment.
There are several limitations of this study. First, this was a cross-sectional study of baseline measurements. Thus, we could not determine any causal relationship between sodium consumption and IMT. However, because SAVE trial participants will be followed for 2 years, we will be able to report longitudinal relationships between urinary sodium and IMT. Second, because of the complexities of collecting 24-h urine, only 76% of subjects had data considered valid for these analyses. However, we obtained similar results when we evaluated sodium/creatinine quartiles for all participants in place of sodium quartiles. We acknowledge the rather weak association between urinary sodium excretion as a continuous variable and carotid IMT. This may be due to a threshold effect, evident by the most marked increase in IMT occurring in the highest quartile of urinary sodium. This effect is not adequately captured by the model with continuous urinary sodium. Finally, we had few blacks in this sample (n = 34) and thus were unable to detect a unique relationship in blacks, who are more likely to be salt sensitive than whites. Nevertheless, this was a study of overweight and obese individuals, who may be more sodium sensitive than normal weight individuals. 7 A notable strength of this study is that all participants were normotensive and not on hypertensive or vasoactive medications, enabling us to evaluate the relationship between sodium intake and IMT independent of treatment effects.
clinical implications
With the increase in consumption of highly salted processed food, salt intake in much of the world has reached 9-12 g (3.5-4.7 g sodium) per day. 33, 34 Sodium intake has been proposed as an independent risk factor for CVD and stroke, though not all studies have shown a positive relationship. 35 Because carotid IMT is highly predictive of future cerebrovascular and coronary events, 11 our finding of an independent association between urinary sodium and IMT is consistent with the reported relationship between sodium intake and stroke risk, 6, 36 suggesting that decreasing sodium intake in the population would decrease the rate of stroke. The US Dietary Guideline for sodium intake is <2,300 mg/ day (100 mEq/day). It is notable that our second quartile of urinary sodium begins at 144 mEq/day, indicating that >75% of our study population consumes excess sodium. Those individuals in Q4 had a urinary sodium excretion more than two times higher than the current recommended intake and had the most notable increase in IMT. It is probable that individuals in Q4 habitually consumed the most dietary sodium, such that the positive association between carotid IMT and urinary sodium was most evident for Q4 despite our having just one urine collection. If the ongoing trial confirms the relationship of sodium intake with IMT, it would support efforts to decrease sodium intake in overweight and obese individuals.
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